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ABSTRACT
We present the first detailed imaging and spatially resolved spectroscopic study of the Galactic super-
nova remnant (SNR) G292.2–0.5, associated with the high-magnetic field radio pulsar (PSR) J1119–
6127, using Chandra and XMM-Newton. The high-resolution X-ray images reveal a partially limb-
brightened morphology in the west, with diffuse emission concentrated towards the interior of the rem-
nant unlike the complete shell-like morphology observed at radio wavelengths. The spectra of most of
the diffuse emission regions within the remnant are best described by a two-component thermal+non-
thermal model. The thermal component is described by a plane-parallel, non-equilibrium ionization
plasma model with a temperature kT ranging from 1.3+0.3
−0.2 keV in the western side of the rem-
nant to 2.3+2.9
−0.5 keV in the east, a column density increasing from 1.0
+0.1
−0.6×10
22 cm−2 in the west to
1.8+0.2
−0.4×10
22 cm−2 in the east, and a low ionization timescale ranging from (5.7+0.8
−0.7)×10
9 cm−3 s in
the SNR interior to (3.6+0.7
−0.6)×10
10 cm−3 s in the western side – suggestive of expansion of a young
remnant in a low-density medium. The spatial and spectral differences across the SNR are consistent
with the presence of a dark cloud in the eastern part of the SNR, absorbing the soft X-ray emis-
sion, as also revealed by the optical image of that region. The spectra from some of the regions
also show slightly enhanced metal abundances from Ne, Mg and Si, hinting at the first evidence for
ejecta heated by the reverse shock. Comparing our inferred metal abundances to core-collapse nu-
cleosynthesis models yields, we estimate a high progenitor mass of ∼30M⊙ suggesting a type Ib/c
supernova. We confirm the presence of non-thermal X-ray emission from regions close to the pulsar,
with the emission characterized by a power-law model with a hard photon index similar to that seen
in the compact pulsar wind nebula. We estimate an SNR age range between 4.2 kyr (free expansion
phase) and 7.1 kyr (Sedov phase) at an assumed distance of 8.4 kpc, a factor of a few higher than the
measured pulsar’s age upper limit of 1.9 kyr.
Subject headings: ISM: individual (G292.2–0.5) – pulsars: individual (PSR J1119–6127) – supernova
remnants – X-rays: ISM
1. INTRODUCTION
The X-ray study of supernova remnants (SNRs) us-
ing satellites like Chandra and XMM-Newton with un-
precedented sensitivity and spatial/spectral resolution
has revolutionized our understanding of SNRs structure
and dynamics. The X-ray emission from SNRs provides
a wealth of information on the remnant properties such
as age, energetics, temperature, and morphology, in ad-
dition to probing the composition of the supernova ejecta
and the interaction of the SNR with the ambient inter-
stellar medium (ISM).
G292.2–0.5 is a SNR associated with the high-magnetic
field radio pulsar (PSR) J1119–6127, which was discov-
ered in the Parkes multibeam pulsar survey (Camilo et
al. 2000). PSR J1119–6127 has a relatively large rota-
tion period P=408 ms and period derivative P˙=4×10−12
s s−1, a characteristic age τc=P/2P˙=1.6 kyr, and a spin-
down luminosity of E˙=2.3×1036 ergs s−1. The pulsar’s
measured braking index, n=2.9 (Camilo et al. 2000),
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has been recently refined using more than 12 years of
radio timing data yielding an n value of 2.684±0.002
(Weltevrede et al. 2011), implying an upper limit on
its age of 1.9 kyr. Its surface magnetic field strength4
is B∼4.1×1013 G, making J1119–6127 a high-magnetic
field radio pulsar with B at the limit between the “clas-
sical” rotation-powered pulsars and magnetars. Radio
observations made with the Australia Telescope Com-
pact Array (ATCA) revealed a non-thermal shell of ∼15′
in diameter and which has been identified as the SNR
G292.2–0.5 (Crawford et al. 2001). Using the Advanced
Satellite for Cosmology and Astrophysics (ASCA) and
the Ro¨entgensatellit (ROSAT) satellites, Pivovaroff et al.
2001 (hereafter P01) detected a hard point-like source
∼1′.5 from the position of the radio pulsar. Also, an
extended X-ray emission was observed from a circular
region of diameter ∼17′ coincident with the SNR shell
detected at radio wavelengths. The X-ray emission from
the remnant was fitted using either thermal models of
temperature kT∼4 keV or a non-thermal power-law (PL)
model of photon index Γ∼2 (P01). However, due to the
limited data, these models could not fully characterize
the spectral nature of the remnant (P01).
A Chandra observation of PSR J1119–6127, initially
4 The pulsar’s dipole magnetic field estimated as B (Gauss)
≈3.2×1019(P/P˙ )1/2 where P is in seconds.
2carried out in 2002, detected the X-ray counterpart to
the radio pulsar and resolved for the first time a 3′′×6′′
faint pulsar wind nebula (PWN) associated with it (Gon-
zalez & Safi-Harb 2003). The high-resolution Chandra
data also made possible an imaging and spatially re-
solved spectroscopic study of the western side of the
SNR which decoupled the emission of the remnant from
the pulsar and other point sources in the field (Gonza-
lez & Safi-Harb 2005; hereafter GSH05). GSH05 inter-
preted the diffuse emission from the western side of the
remnant as due to non-thermal emission characterized
by a PL model with a photon index Γ∼1–2 originating
from the interior, plus thermal emission from the outer
regions characterized by a non-equilibrium ionization
model with a temperature kT∼0.9–2.4 keV, an ionization
timescale net∼(3.3–12)×10
10 cm−3 s, and with sub-solar
abundances indicating emission from shocked ISM. The
SNR/PSR system observed with XMM-Newton in 2003
detected unusually high pulsed fraction (74%±14%) as-
sociated with the pulsar in the 0.5–2.0 keV energy range
(Gonzalez et al. 2005).
A new and deep Chandra observation of the eastern
side of the remnant was undertaken in 2004 to comple-
ment the study of the western side of the remnant by
GSH05. The combined analysis of the data confirmed
the detection of the compact PWN associated with the
pulsar and revealed a long southern jet (∼6′′×21′′) ema-
nating from the position of the pulsar (Safi-Harb & Ku-
mar 2008). This observation also allowed for resolving
the pulsar’s spectrum from its associated nebula, and as
a result pinning down its X-ray spectrum in comparison
to other high-magnetic field radio pulsars (Safi-Harb &
Kumar 2008). The kinematic distance to the SNR/pulsar
system was estimated to be 8.4±0.4 kpc using HI absorp-
tion measurements (Caswell et al. 2004). As well, the
SNR boundary was estimated to be an ellipse with the
major and minor axes at 18′ and 17′, respectively, thus
approximating to a diameter of ∼17′.5. In this paper,
we adopt Caswell et al. (2004) values for the distance
D8.4=D/8.4 kpc and radius R8.75=R/8
′.75.
The present paper is an extension of the Chandra
study performed by GSH05 to the other regions of SNR
G292.2–0.5 taking advantage of Chandra’s excellent an-
gular resolution (∼0.5′′ in the 0.5–10 keV energy range)
and combining all the existing Chandra data with the
archived XMM-Newton observation of PSR J1119−6127
taken in 2003 (Gonzalez et al. 2005). XMM-Newton’s
large collecting area (∼4300 cm2) makes it advantageous
over Chandra for studying the low-surface brightness
emission from the SNR diffuse emission. The main ob-
jectives of this study are to: 1) investigate the morpho-
logical differences between the SNR eastern and western
sides, 2) determine the spectral and intrinsic properties
of the SNR, and 3) estimate the mass of the progeni-
tor star that formed SNR G292.2−0.5. The latter goal
is particularly motivated by the study of the connection
between the high-magnetic field pulsars and magnetars.
While on-going studies targeting this question focus on
the compact objects themselves (see e.g. Ng & Kaspi
2011 and references therein), we here approach this ques-
tion by examining the SNRs associated with these ob-
jects. In a follow-up paper, we address the progenitor
mass of SNR Kes 73 associated with a magnetar (a pre-
liminary study was presented in Kumar et al. 2010).
The paper is organized as follows: Sections 2 and 3 de-
scribe the observations and imaging analysis of the rem-
nant, respectively. In Section 4, we present our spatially
resolved spectroscopic study of the SNR using Chan-
dra and XMM-Newton. In Section 5, we discuss the
X-ray properties of the remnant including the evidence
for ejecta, the interaction with a cloud, and presenting
an estimate for the SNR intrinsic properties including its
progenitor mass. Finally our conclusions are summarized
in Section 6.
2. OBSERVATIONS & DATA ANALYSIS
2.1. Chandra
SNR G292.2–0.5 was observed with Chandra on 2004
October 31–November 1 (ObsID: 4676) and 2004 Novem-
ber 2–3 (ObsID: 6153) for exposure times of 61.31 ks and
19.14 ks, respectively. The coordinates were positioned
at the aimpoint of the back-illuminated S3 chip of the
Advanced CCD Imaging Spectrometer (ACIS) onboard
the Chandra X-ray Observatory. These two observations
of the eastern side of the SNR were combined with the
previous Chandra observation covering the western side
and taken on 2002 March 31–April 1 (ObsID: 2833) for
an exposure time of 57.55 ks. The results presented in
this paper are based on the combined analysis of all the
above mentioned observations. The CCD temperature
was −120◦ C with a CCD frame readout time of 3.2 s
in ‘TIMED’ and ‘Very Faint’ mode. The data were then
reduced using the standard Chandra Interactive Analy-
sis of Observations (CIAO) version 4.35 routines. The
level 1 raw event data were reprocessed to a new level 2
event file to remove pixel randomization and to correct
for CCD charge transfer inefficiencies. The bad grades
were filtered out and good time intervals were reserved.
The resulting effective exposure times for the three ob-
servations after data processing are summarized in Table
1.
Table 1
Summary of the effective exposure times for SNR G292.2–0.5
Satellite ObsID Detectors Exposure
time (ks)
Chandra 2833 ACIS-S3 56.80
Chandra 4676 ACIS-S3 60.54
Chandra 6153 ACIS-S3 18.90
XMM-Newton 0150790101 MOS1 48.33
MOS2 49.77
PN 43.03
2.2. XMM-Newton
The SNR G292.2–0.5 was observed with XMM-Newton
on 2003 June 26. The European Photon Imaging Cam-
era (EPIC) PN (Struder et al. 2001) and MOS (Turner
et al. 2001) cameras were operated using the medium
filter. The PN camera was operated in the large window
mode, allowing for a field-of-view of about 13′.5×27′. In
this mode, the southern side of the remnant was not cov-
ered by the PN chip. The MOS cameras were operated
5 http://cxc.harvard.edu/ciao.
3Figure 1. (a) Top: Chandra ACIS-S3 tri-color exposure-corrected image of G292.2–0.5 combining observations of the eastern and western
fields of the SNR. (b) Bottom: XMM-Newton EPIC-MOS tri-color image overlaid with the radio contours from Caswell et al. (2004). The
pulsar J1119−6127 is indicated by the white point-like source near the center. For both images, red, green, and blue correspond to the
0.3–1.5, 1.5–3.0, and 3.0–10.0 keV energy range, respectively.
4in the full frame mode and each covered the entire rem-
nant. The data were analyzed with the XMM-Newton
Science Analysis System (SAS) software version 8.0.06
and the latest calibration files. Data from the contami-
nating background flares were excluded from our analy-
sis. The resulting effective exposure times for the MOS
and PN detectors are shown in Table 1.
3. IMAGING
In order to investigate the morphological differences
between the eastern and western sides of the SNR, we
performed an imaging analysis of the remnant in X-rays.
In Figure 1 (a; top), we show the combined Chan-
dra ACIS-S3 tri-color image of the eastern and western
sides of the SNR. The position of the pulsar is centered
at αJ2000=11
h19m14s.26 and δJ2000=−61
◦27′49′′.5 with
0.3′′ error (Safi-Harb & Kumar 2008). The data were
divided into individual images in the soft (0.3–1.5 keV;
red), medium (1.5–3.0 keV; green), and hard (3.0–10.0
keV; blue) energy bands. The energy cuts were chosen
so as to match the cuts for the XMM-Newton image (see
next). The resulting images were exposure-corrected and
adaptively smoothed using a Gaussian with σ=1′′–5′′ for
significance of detection 2 to 5. The individual exposure-
corrected images were finally combined to produce the
image shown in Figure 1 (a).
Figure 1 (b; bottom) shows the combined MOS1+2
image of the remnant in the 0.3–1.5 keV (red), 1.5–3.0
keV (green), and 3.0–10.0 keV (blue) bands. Follow-
ing Gonzalez et al. (2005), individual MOS1/2 images
were binned into pixels of 2′′.5×2′′.5, which were then
added and adaptively smoothed using a Gaussian with
σ=5′′–15′′ to obtain a signal-to-noise ratio higher than
3σ. The point sources (other than PSR J1119−6127)
were removed from the image. Background images (us-
ing the closed filter wheel data) and exposure maps at
each energy band were created similarly and used to cor-
rect the final images. In order to compare the X-ray
features with the remnant’s radio morphology, we over-
lay on the MOS1+2 image the radio contours obtained
from Caswell et al. (2004). The resulting image is shown
in Figure 1 (b).
As mentioned earlier, the SNR G292.2-0.5 is mostly
(although not fully, see Figure 1 (b)) covered by the large
field of view of XMM-Newton, unlike the Chandra obser-
vations which focused only on either the eastern or the
western side of the remnant. The compact PWN and a
long southern jet are visible in the medium to hard X-ray
band of the Chandra high-resolution image (see Figure
2 of Safi-Harb & Kumar 2008 for a zoomed-on image
of the PWN); XMM-Newton’s 15′′ half-power diameter
does not allow resolving the PWN. For the SNR, the X-
ray images reveal diffuse emission throughout most of the
remnant, and the SNR does not appear limb-brightened
in X-rays as in other shell-type SNRs. The western side is
clearly characterized by a relatively bright and soft (red
in color) diffuse emission, while the eastern side exhibits
harder (blue in color) and fainter X-ray emission with a
hint of shell-like emission visible towards the edge of the
eastern field in the Chandra image. We note here that
the Chandra image shows relatively more hard emission
in the eastern side of the remnant in comparison to the
6 See http://xmm.esac.esa.int/sas/8.0.0
XMM-Newton image. This could be attributed to a com-
bination of background+point source subtraction in the
XMM-Newton image and the fact that the 3.0–10 keV
energy band of the XMM-Newton observation suffered
from a high degree of stray-light contamination on the
instrument’s mirrors from a nearby high-energy source.
Therefore, as pointed out by Gonzalez et al. (2005), the
detailed spatial distribution in this energy band should
be examined with caution. A bright filamentary struc-
ture is also clearly visible in both the Chandra and XMM-
Newton images inside the western side of the SNR, west
of the pulsar (we refer to this region as ‘PSR–West’ in the
next section, see also Figure 2). The northern and south-
ern regions of the remnant appear faint and featureless
in X-rays. Bright diffuse emission is also seen towards
the interior of the SNR along with several spatially re-
solved point sources as observed from the high-resolution
Chandra image (GSH05).
The SNR G292.2–0.5 has been classified as a shell-
type SNR by Crawford et al. (2001), with the radio
image obtained by Caswell et al. (2004) clearly show-
ing a bright shell-like structure surrounding the entire
remnant and with an apparent thickness of ∼5′ in size
(see Figure 1 (b)). Although, such a clearly defined shell
is not evident in the X-ray images, the contours show-
ing the radio shell overlap with the bright X-ray shell
on the western side. Furthermore, the radio images sug-
gested a north-south elongated morphology for the rem-
nant with the minor and major axes at 17′ and 18′, re-
spectively (Crawford et al. 2001; Caswell et al. 2004).
Similarly, the XMM-Newton image displays an elongated
morphology, but with the major and minor axes at ∼20′
and 18′, respectively. The elongated bright feature ex-
tending in the northwest-southwest direction (seen more
clearly in the XMM-Newton image towards the west-
ern edge of the field of view) could be interpreted as
the partial limb-brightened SNR shell. However, as ev-
ident in Figures 1 and 2, the current X-ray data shows
more centrally bright and diffuse emission from within
the remnant, suggesting that SNR G292.2–0.5 is rather
a composite-type remnant. This classification is further
supported by the X-ray detection of a PWN associated
with PSR J1119−6127, which powers at least part of the
X-ray emission seen in the SNR interior.
4. SPATIALLY RESOLVED SPECTROSCOPY
The spectral analysis was performed using the X-ray
spectral fitting package, XSPEC version 12.4.07, combin-
ing the Chandra and XMM-Newton data. For the XMM-
Newton data, the spectra were extracted in the 0.5–10
keV band, but for the Chandra observations we ignored
the energy range above 7 keV due to poor signal-to-noise
ratio. The contributions from point sources within the
remnant were removed prior to the extraction of spec-
tra. The background regions were selected from nearby
source-free regions selected from the same CCD chip as
the source (as shown in Figure 2). This has the advan-
tage of removing any contamination from Galactic Ridge
emission, and was possible since the emission from the
SNR did not fill up the field of views of the Chandra and
XMM-Newton observations. The spectra were grouped
7 http://xspec.gsfc.nasa.gov.
5Table 2
Regions of diffuse emission extracted from the SNR G292.2–0.5 using Chandra and XMM-Newton
Region (Number)a Right Ascension Declination Size Net Countsb
h m s (J2000) d m s (J2000)
SNR–East (1) 11 19 35.087 −61 31 34.04 3′.6×1′.5 10660±377
SNR–West (4) 11 18 26.666 −61 28 01.41 1′.4×2′.9 10720±275
PSR–West (3) 11 18 59.184 −61 28 04.96 1′.3×2′.2 10970±269
PSR–East (2) 11 19 23.652 −61 29 09.00 1′.0×3′.6 2828±260
Note. — a The number in parenthesis besides the region name represents the region number as shown in Figure 2.
b Total Chandra plus XMM-Newton background-subtracted counts. For the Chandra data we excluded counts above 7 keV due to poor
signal-to-noise ratio.
by a minimum of 20 counts per bin8, and for each se-
lected region they were fitted simultaneously in XSPEC.
The errors quoted are at the 90% confidence level.
For the spectral investigation, we defined four main
elliptical regions from both the Chandra and the XMM-
Newton observations. The regions along with their des-
ignated region numbers) are shown in Figure 2 and their
properties are summarized in Table 2. The extracted re-
gions are designated as follows: (a) SNR–East (Region
1): the outer diffuse emission seen towards the eastern
side of the remnant and partially overlapping with the ra-
dio shell, (b) PSR–East (Region 2): the inner region east
of the pulsar, (c) PSR–West (Region 3): the bright inner
region seen west of the pulsar (this region was previously
studied and designated as the “eastern lobe” by GSH05),
and (d) SNR–West (Region 4): the outer diffuse emis-
sion seen towards the western side of the remnant and
overlapping with the radio shell (as seen from Figure 1
(a)) and also studied by GSH05 where it was referred
to as the “western lobe”. A few other SNR regions vis-
ible in the XMM-Newton data, but not covered by the
Chandra observations, were also examined. These re-
gions, shown in Figure 2 (right), are named as follows: (i)
SNR–Northwest (Region 5): the region to the far north-
western side of the SNR, (ii) SNR–North (Region 6): the
region in the northern interior of the remnant, and (iii)
SNR–South (Region 7): the region to the south of the
remnant.
The emission from the remnant was investigated us-
ing collisional ionization equilibrium (CIE) models such
as MEKAL (Mewe et al. 1985; Liedahl et al. 1995),
Raymond-Smith (Raymond & Smith 1977), and non-
equilibrium ionization models (NEI) such as PSHOCK
and VPSHOCK (Borkowski et al. 2001a) which are ap-
propriate for describing the plasma in young SNRs. Fur-
thermore, a power-law (PL) model was also used to ex-
plore the high-energy continuum arising from any non-
thermal emission from the SNR (as found by GSH05 in
the western part of the remnant).
Initially, the spectra from the extracted regions were
fitted with the MEKAL model, which calculates the
emission from an optically thin thermal plasma in CIE.
The MEKAL fit resulted in a large reduced chi-squared
χ2ν >1.8 (ν being the number of degrees of freedom),
which led us to rule out the CIE models – a result that
is also consistent with GSH05. Subsequently, we fitted
the spectra using NEI models which resulted in better
fits than the CIE models.
NEI models such as PSHOCK and VPSHOCK
8 We note that we have experimented with different binning and
our results are consistent with the fits presented here.
(PSHOCK with varying abundances) are used to model
plane-parallel shocks in a plasma, characterized by a
constant electron temperature (T ) and an ionization
timescale parameter τ=net, where ne is the post-shock
electron density and t is the time since the passage of the
shock. While fitting the SNR regions using NEI models
with variable abundances, the abundances of all elements
were initially fixed at their solar values given by Anders
& Grevesse (1989), but varied as necessary to constrain
the individual abundances. However, the abundances of
H, He, C, and N were kept frozen to their solar values
throughout, as their emission lines are below the lower
limits of the detected energy range. Ni was tied to Fe
throughout the spectral fitting and all the models in-
cluded the Morrison & McCammon (1983) interstellar
absorption. Below, we describe the best fit spectral re-
sults for all the extracted diffuse emission regions.
4.1. SNR–East (Region 1)
We first fitted the SNR–East spectra with a one-
component VPSHOCK model. The fit yielded an inter-
stellar absorption NH=0.9
+0.1
−0.1×10
22 cm−2, kT=6.1+2.2
−1.3
keV, net=1.1
+0.4
−0.3×10
10 cm−3 s, and χ2ν=1.604 (ν=951).
Here, we note that the temperature obtained from the fit
is unusually high, even for a young remnant, indicating
the presence of an additional component. A single PL
component did not yield a better fit, as expected due to
the presence of lines in the spectra.
The fit was then further investigated by adding a sec-
ond thermal component (owing to the expectation of a
high- and low-temperature plasma associated with the
supernova blast wave and the reverse shock) or a sec-
ond non-thermal PL component (assuming the possi-
bility of an underlying synchrotron component arising
from acceleration of particles at a shock). Though a
two-component thermal model did not improve the fit or
led to an unrealistically high-temperature in the case of
a bremsstrahlung model, the addition of a non-thermal
PL component to the VPSHOCK model improved the
statistics (χ2ν=1.560, ν=949) with an F -test probabil-
ity of 7.2×10−7. The best fit spectral parameters are
summarized in Table 3. The value of NH obtained
here is comparable to that obtained for PSR J1119–6127
(∼1.8+1.5
−0.6×10
22 cm−2 using a blackbody + PL model;
Safi-Harb & Kumar 2008). Figure 3 (left) displays the
best fit VPSHOCK+PL spectra of the SNR–East region.
We note that in this fit (and the fits for the other SNR
regions described below), O was frozen to its solar value
as allowing it to vary did not improve the fit significantly
and led to a value consistent with solar or sub-solar val-
ues. The best-fit VPSHOCK+PLmodel required slightly
6Figure 2. (a) Left : Chandra intensity image of the SNR G292.2–0.5 (in logarithmic scale) smoothed using a Gaussian with σ=5′′.
Overlaid in green are the SNR diffuse emission regions selected for our spatially resolved spectroscopic study: SNR–East (region 1), PSR–
East (region 2), PSR–West (region 3) and SNR–West (region 4). (b) Right : XMM-Newton MOS1 intensity image of SNR G292.2-0.5 (in
logarithmic scale) smoothed using a Gaussian with σ=7′′ showing the same regions selected for our spectroscopic study. Three additional
regions not covered with Chandra were also selected: SNR–Northwest (region 5), SNR–North (region 6), and SNR–South (region 7). The
position of the pulsar J1119−6127 is shown by a white arrow. Nearby background source-free regions selected from the same field of view,
and closest to the source region, are shown as dotted circles/ellipses.
enhanced abundances of Ne, Mg, and Si in SNR–East,
hinting for the first time at the detection of shock-heated
ejecta (further discussed in Section 5.1).
4.2. SNR–West (Region 4)
The western side of the remnant, previously studied
by GSH05 using Chandra data taken in 2002, was best
described by a PSHOCK model. Combining these data
with the XMM-Newton data, we find that the emission is
described by a one-component VPSHOCKmodel (Figure
3, right) yielding the following values: NH=1.0
+0.1
−0.6×10
22
cm−2, kT=1.3+0.3
−0.2 keV, net=3.6
+0.7
−0.6×10
10 cm−3 s, with
χ2ν=1.433 (ν=812). The elemental abundances were con-
sistent with being solar or sub-solar (Table 3). Although
the possibility of a second component was explored, the
fits did not improve significantly. An F -test ruled out the
necessity of a second thermal or non-thermal component.
These results are consistent with, but better constrained
than, those reported by GSH05 (NH=0.5 (0.4–0.6)×10
22
cm−2, kT=1.6 (0.9–2.4) keV, and net=5.7 (3.3–12)×10
10
cm−3 s).
4.3. PSR–West (Region 3)
The PSR–West spectra clearly revealed the presence
of line emission, so were first examined using a VP-
SHOCK model. The spectral fit resulted in the following
parameters: NH=1.1
+0.1
−0.1×10
22 cm−2, kT=2.2+0.2
−0.2 keV,
net=4.4
+0.4
−0.4×10
9 cm−3 s, and χ2ν=1.161 (ν=941). O and
Si were frozen to their solar values (as allowing them to
vary did not improve the fit significantly). For the other
elemental abundances we obtained the following values:
Ne=1.6+0.3
−0.2, Mg=2.5
+0.4
−0.3, S=0.1
+0.7
−0.2, and Fe=1.8
+1.1
−0.8, in-
dicating enhanced abundances and suggesting the de-
tection of shock-heated ejecta. We also explored the
possibility of a second thermal or non-thermal compo-
nent. The addition of a PL component improved the fit
with χ2ν=1.144 (ν=939), yielding an F -test probability
of 3.45×10−4. The best fit spectral parameters for this
region are summarized in Table 3 and the spectra are
shown in Figure 4 (left). We note that the abundances
for Mg and Si appear enhanced, and that the photon
index is hard (Γ=1.5+0.5
−0.2).
This region was also previously studied (referred to
as the “eastern lobe” by GSH05). A PSHOCK model
fit to the Chandra data alone gave an unusually high
kT=9.1 (3.7–80) keV, while a PL model fit gave a hard
photon index Γ=1.5 (1.2–1.9). Our combined Chandra
and XMM-Newton fit, while it confirms the hard nature
of the X-ray emission, allowed us to constrain the spec-
tral properties and indicated the presence of thermal X-
ray emission with slightly enhanced metal abundances,
combined with non-thermal X-ray emission (as described
above). The origin of this emission is further discussed
in Section 5.4.
4.4. PSR–East (Region 2)
To complement the study of PSR–West (section 4.3),
we extracted an elliptical region from the eastern side
of the pulsar (PSR–East) which appears fainter than
the western side. We note that for this region we
did not use PN since the X-ray emission fell on the
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Figure 3. Chandra and XMM-Newton best-fit VPSHOCK+PL model for SNR–East (left) and SNR–West (right). The bottom panel
displays the residuals in units of σ. PN: green, MOS1/2: black and red, Chandra: blue and cyan. We note that the spectra have been
rebinned for display purposes.
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Figure 4. Chandra and XMM-Newton best fit VPSHOCK+PL model for PSR–West (left) and PSR–East (right). The bottom panel
displays the residuals in units of σ. The colours are as in Figure 3, except for PSR–East which lacks PN data, green and blue refer to the
Chandra spectra. We note that the spectra have been rebinned for display purposes.
chip edges. A VPSHOCK model fit resulted in the
following values: NH=0.9
+0.1
−0.1×10
22 cm−2, kT=5.5+1.9
−1.1
keV, net=5.1
+0.8
−0.8×10
9 cm−3 s, and χ2ν=1.358 (ν=510).
The elemental abundances obtained are as follows:
Ne=0.8+0.3
−0.3, Mg=2.1
+0.9
−0.6, Si=1.2
+0.7
−0.5, and Fe=1.3
+1.4
−0.9. A
single PL model fit yielded an NH value much lower than
elsewhere in the remnant and showed residuals in both
the soft and hard bands, ruling out this model and sug-
gesting the need for an additional component.
The spectra were further explored using, like for
PSR–West, a two-component VPSHOCK+PL model.
The additional PL component was characterized by a
hard photon index Γ=0.9+0.6
−0.2, and the fit was slightly
improved over the one-component VPSHOCK model,
yielding χ2ν=1.345 (ν=508, F -test probability of 0.027).
While the addition of the PL component did not im-
prove the fit significantly, the fitted VPSHOCK model
temperature has dropped to a more reasonable value
of kT=1.9+2.9
−0.8 keV which leads us to favor the two-
component model. The best-fit parameters are summa-
rized in Table 3.
4.5. Other regions of the remnant
An attempt has been made to study a few other SNR
regions visible only in the XMM-Newton data (see Fig-
ure 2): SNR–Northwest (region 5), SNR–North (region
6) and SNR–South (region 7). However, as further de-
scribed below, the relatively small number of counts ex-
tracted from SNR–North and SNR–South did not allow
us to constrain the parameters as for the other regions.
The northwest region of the remnant is ex-
tracted from an elliptical region of size 1′.8×3′.5
(αJ2000=11
h18m24s.825 and δJ2000=−61
◦22′50′′.01),
yielding 7128±156 background-subtracted counts in
the 0.5–10 keV range. The spectra of the SNR–
Northwest region were first fitted by a one-component
VPSHOCK model which yielded the following pa-
rameters: NH=1.0
+0.2
−0.2×10
22 cm−2, kT=2.5+1.4
−0.4 keV,
net=5.9
+0.8
−0.7×10
9 cm−3 s, and χ2ν=1.291 (ν=653).
The metal abundances obtained are consistent with
solar values: Ne=0.9+0.3
−0.2, Mg=1.3
+0.4
−0.3, and Si=0.5
+0.3
−0.3.
Adding a PL component reduced the fitted VPSHOCK
temperature and improved the fit, yielding χ2ν=1.223
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Best fit spectral parameters of SNR G292.2–0.5 using Chandra and XMM-Newton.
Parameter SNR–East (Reg. 1) SNR–West (Reg. 4) PSR–West (Reg. 3) PSR–East (Reg. 2)
VPSHOCK+PL VPSHOCK VPSHOCK+PL VPSHOCK+PL
NH (10
22 cm−2) 1.8+0.2
−0.4 1.0
+0.1
−0.6 1.2
+0.1
−0.2 1.7
+0.3
−0.4
kT (keV) 2.3+2.9
−0.5 1.3
+0.3
−0.2 2.1
+0.4
−0.4 1.9
+2.9
−0.8
Ne 1.7+1.2
−0.6 1 (frozen) 1.9
+0.5
−0.4 1.3
+1.3
−1.0
Mg 2.0+0.9
−0.4 0.4
+0.1
−0.1 2.6
+0.6
−0.6 1.3
+0.9
−0.6
Si 1.8+0.6
−0.5 0.2
+0.1
−0.1 1 (frozen) 1.4
+0.7
−0.6
S 0.3+1.0
−0.3 0.4
+0.4
−0.4 0.1
+0.7
−0.1 1 (frozen)
Fe 0.1+0.5
−0.1 0.3
+0.1
−0.1 0.9
+0.7
−0.6 1.2
+0.7
−0.6
net (cm−3s) 1.1
+0.3
−0.2 × 10
10 3.6+0.7
−0.6 × 10
10 5.7+0.8
−0.7 × 10
9 7.5+2.5
−3.4 × 10
9
funabs (VP) 3.6
+2.4
−0.9 × 10
−12 7.0+1.6
−1.8 × 10
−12 5.3+1.0
−0.6 × 10
−12 3.2+0.4
−1.0 × 10
−12
LX (VP) 3.0
+2.0
−0.8×10
34 5.9+1.4
−1.5×10
34 4.5+0.8
−0.5×10
34 2.7+0.3
−0.8×10
34
Γ 1.2+0.5
−0.1 · · · 1.5
+0.5
−0.2 0.9
+0.6
−0.2
funabs (PL) 3.3
+0.6
−0.7 × 10
−13
· · · 0.9+0.2
−0.3 × 10
−13 3.0+0.7
−1.1 × 10
−13
LX (PL) 2.8
+0.5
−0.6×10
33
· · · 0.8+0.2
−0.3×10
33 2.5+0.6
−0.9×10
33
χ2ν(dof) 1.56 (949) 1.43 (812) 1.14 (939) 1.34 (508)
Note. — Errors are 2 σ uncertainties. All elemental abundances are in solar units given by Anders & Grevesse (1989). The 0.5–10 keV
unabsorbed fluxes (funabs) and luminosities (LX ) quoted are in units of ergs cm
−2 s−1 and ergs s−1, respectively. VP is VPSHOCK, PL
is power-law.
(651) (F -test probability=7.6×10−9) and the following
parameters: NH=1.3
+0.1
−0.2×10
22 cm−2, kT=0.9+0.3
−0.2 keV,
net=0.6
+0.2
−0.2×10
10 cm−3 s, and Γ=0.9+0.2
−0.3. The metal
abundances were consistent with solar values and the
non-thermal component contributed only ∼3% of the
total unabsorbed flux.
SNR–North (region 6) was extracted from an
elliptical region of size 3′.6×1′.2 centered at
αJ2000=11
h19m10s.553 and δJ2000=-61
◦23′41′′.57,
yielding 3216±146 background-subtracted counts
in the 0.5–10 keV range. The emission from this
region was best fitted with a PSHOCK model yield-
ing an NH=0.8
+0.2
−0.2×10
22 cm−2, kT=8.9+4.9
−2.6 keV,
net=2.0
+1.1
−0.7×10
9 cm−3 s, global abundance=0.9+4.9
−0.9,
and χ2ν=1.241 (ν=178). We note that the temperature
derived from this fit is very high and hence, we further
explored the fit using a second PL component. However,
the parameters could not be well constrained. A single
PL model gave a very low NH and was also ruled out
based on the residuals. The poor statistics did not allow
us to explore the fits further.
SNR–South (region 7) was extracted from an
elliptical region of size 3′.9×0′.9, centered at
αJ2000=11
h18m49s.505 and δJ2000=−61
◦34′43′′.90,
yielding only 1303±86 background-subtracted counts in
the 0.5–10 keV range. We note here that this region was
not covered by PN and so we only used the MOS1/2
data. As in the other regions, we examined the fit using
a PSHOCK and a PSHOCK+PL model. The PSHOCK
fit provided the following values: NH=0.6
+0.2
−0.2×10
22
cm−2, kT=3.0+1.6
−0.9 keV, net=9.9 (> 5.5)×10
8 cm−3 s,
global abundance=1.0+0.2
−0.1, and χ
2
ν=1.036 (ν=155). The
two-component PSHOCK+PL model provided an ac-
ceptable fit with the following values: NH=1.4
+0.8
−0.1×10
22
cm−2, kT=1.9+1.8
−1.1 keV, net=9.2
+19.8
−5.5 ×10
10 cm−3 s,
global abundance=0.1+1.0
−0.5, Γ=1.4
+0.5
−0.3, and χ
2
ν=1.060
(ν=153). Given the relatively low number of counts
collected from this region, the errors were here com-
puted by freezing the other parameters. Statistically, a
second component for this region was not required, but
comparing the fit parameters with those obtained for the
other regions of the remnant (for example, the ionization
timescale and the column density for SNR–South using
a one-component model are much smaller than those
obtained for all the other regions, and the temperature
obtained was higher with a single component model),
we favour the two-component model fit for SNR–south.
However, the one-component model fit could also imply
expansion of the SNR into a more tenuous medium in
the south leading to hotter plasma, lower ionization
timescale, and fainter X-ray emission. Additional
observations are needed to confirm the spectral nature
of the emission from these regions.
5. DISCUSSION
We have performed a spatially resolved spectroscopic
study of the diffuse emission regions within SNR G292.2–
0.5 using Chandra and XMM-Newton. The emission
from most regions (shown in Figure 2) can be de-
scribed by a two-component thermal+non-thermal (VP-
SHOCK+PL) model, except for SNR–West which re-
quired only a one-component thermal (VPSHOCK)
model. In all regions, the fitted temperature is
high (kT≥1 keV) and the ionization timescale is low
(net<10
11 cm−3 s), indicating that the plasma is hot and
has not yet reached ionization equilibrium. As well the
PL photon index is hard (Γ∼1–2), much flatter than that
observed in non-thermal SNRs and consistent with the
photon index observed in the compact PWN associated
with PSR J1119–6127. Below, we discuss these results
based on our best-fit spectral parameters summarized in
Table 3. We stress here that while the discussion of the
SNR properties is based on these tabulated parameters,
we have experimented with a number of available XSPEC
models appropriate for modelling plasma in young SNRs
(such as vnei) and they provide similar global parame-
ters. The model fits presented here best reproduce the
main features observed in our X-ray spectra. More com-
plex and multi-component models are needed to provide
a more robust description of this complex SNR. Such a
9study will have to await improved models as well as bet-
ter quality data.
5.1. Evidence of ejecta
The X-ray emission from young SNRs is characterized
by the propagation of the forward shock/blast wave into
the ISM and the reverse shock running back into the
ejecta. Both shocks can be currently resolved and studied
with missions like Chandra and XMM-Newton. We next
discuss the spectral properties and morphology of the
remnant in the light of the possible identification of ejecta
for the first time.
In Figure 1 (b), we show the contours of the radio
shell overlaid on the X-ray image obtained with XMM-
Newton. The outer radio shell presumably identifies
the supernova blast wave that is expanding into and
shocking the surrounding medium. Comparing with Fig-
ure 2, the X-ray emission from regions SNR–West and
SNR-Northwest falls within the boundaries of the radio
shell. Both of these regions are fitted by a VPSHOCK
model with comparable temperatures (kT∼1 keV), ion-
ization timescales (net∼10
10 cm−3 s), and solar (or sub-
solar) abundances. This suggests that the X-ray emis-
sion in those regions arises mainly from shocked interstel-
lar or circumstellar medium. In comparison, the regions
SNR–East and PSR–West9, reveal enhanced metal abun-
dances for Ne, Mg and Si, hinting at the first evidence
of reverse-shocked ejecta associated with SNR G292.2–
0.5. Moreover, the inferred ionization timescales from
regions SNR–East, PSR–East, and PSR–West range
from 5.7+0.8
−0.7×10
9 cm−3 s for PSR–West to 1.1+0.3
−0.2×10
10
cm−3 s for SNR–East, lower than that in the SNR–West
region (3.6+0.7
−0.6×10
10 cm−3 s). This further indicates
that the plasma in the outermost region, SNR–West, was
shocked earlier than the remnant’s more interior regions.
As well, the inferred temperature of the more interior re-
gions is ∼2 keV, hotter than in SNR–West. These results
further support the conclusion that the X-ray emission
from SNR–West likely originates from the blast wave,
while the more interior regions correspond to (at least
partly) reverse shock-heated ejecta expanding in a lower
density medium.
5.2. X-ray properties of the SNR G292.2–0.5
In the following, we derive the X-ray properties of SNR
G292.2–0.5 shown in Table 4 using the VPSHOCKmodel
parameters summarized in Table 3. In our calculations,
we take the radius of the SNR as ∼8′.75 (Caswell et al.
2004), which translates to a physical size of Rs=21.4D8.4
pc=6.6×1019 D8.4 cm.
The volume of the X-ray emitting region (V ) is es-
timated by assuming that the plasma fills an ellipsoid
with the length and width equivalent to those of the
extracted SNR regions (Table 2) and the depth taken
as the radius of the remnant. The emission measure
EM=
∫
nenHdV∼fnenHV is defined as a measure of the
amount of plasma available to produce the observed flux,
where ne is the post-shock electron density for a fully ion-
ized plasma, nH is the mean Hydrogen density, and f is
9 The PSR–East spectrum, while it reveals very slight enhance-
ment of metal abundances over the solar values, suffered from
poor statistics therefore prohibiting us from constraining the abun-
dances.
the volume filling factor of the hot gas. For cosmic abun-
dance plasma and the strong shock Rankine-Hugoniot
jump conditions, the ambient density n0 can be esti-
mated from the electron density ne as: ne=4.8n0; n0 here
includes only Hydrogen (see e.g. Safi-Harb et al. 2000).
The emission measure values are estimated from the nor-
malization K obtained from the X-ray spectral fits as
K=(10−14/4piD2)
∫
nenHdV . Using the above equations,
we subsequently calculated the post-shock electron den-
sity (ne) and the ambient density (n0) of the X-ray emit-
ting plasma, as summarized in Table 4. The low inferred
ambient density of n0∼(1–2)×10
−2 f−1/2D
−1/2
8.4 cm
−3
suggests that the SNR is mostly expanding into a low-
density medium. This is further discussed in Section 5.5.
We now discuss the age of the SNR. A lower estimate
can be inferred assuming the SNR is still in its free expan-
sion phase. For an initial expansion velocity of v0∼5000
km s−1 (which is reasonable for a core-collapse explo-
sion; see Reynolds 2008), the SNR’s size implies an age
of &4.2D8.4 kyr, a factor of∼2.2 higher than the pulsar’s
age upper limit of 1.9 kyr (see Section 1). We note that
this derived age is appropriate under the assumption of
an explosion into a wind bubble blown by the progeni-
tor with the SNR shock only fairly recently reaching the
edge of the bubble and being slowed to its current ve-
locity. Requiring the SNR’s age to be ≤1.9 kyr (current
pulsar’s age upper limit) necessitates an expansion ve-
locity of ≥11200 D8.4 km s
−1, which is unusually high
(at the assumed distance of 8.4 kpc) for the expansion of
a blast wave of a core-collapse explosion.
Before we further address the apparent discrepancy be-
tween the SNR and the pulsar ages, we now assume a Se-
dov phase of evolution for the SNR. While the SNR may
not have yet fully entered this phase, this assumption
gives an upper limit on the SNR age. An SNR enters the
Sedov phase when the swept-up mass becomes compara-
ble to the ejected mass, and settles fully in that phase
once the swept-up mass exceeds the mass of the ejecta
by a factor of ≥10. Under the assumption of a uniform
ambient medium, the swept-up mass is estimated as10
Msw=1.4mpn0×(
4
3piR
3
sf)=33
+7
−10 f
1/2D
5/2
8.4 M⊙, consis-
tent with a massive progenitor and an evolutionary stage
between ejecta-dominated and Sedov.
The age of the remnant is given by tSNR=ηRs/Vs
where η=0.4 for a blast wave expansion in the Sedov
phase (Sedov 1959). The shock velocity can be esti-
mated as Vs=(16kBTs/3µmH)
1/2 assuming full equili-
bration between the electrons and ions (Sedov 1959),
where µ=0.604 is the mean mass per free particle for a
fully ionized plasma, kB=1.38×10
−16 ergs K−1 is Boltz-
mann’s constant, and the post-shock temperature Ts is
related to the temperature inferred from the X-ray fit
(TX) as TX∼1.27Ts in the Sedov phase (since the temper-
ature increases inward behind the shock radius; Rappa-
port et al. 1974). Using the spectral fit values obtained
for SNR–West and assuming that its emission charac-
terizes the blast-wave component (see Section 5.1), we
estimate a shock velocity of Vs=(1.1
+0.2
−0.1)×10
3 km s−1
10 While this mass is comparable to the progenitor star’s mass
estimated in Section 5.5, the ejected mass is believed to be consid-
erably smaller as the star should have lost a significant fraction of
its mass before exploding (see details in Section 5.5).
10
for the forward shock, and therefore, an age of tSNR
(Sedov)=7.1+0.5
−0.2 D8.4 kyr for SNR G292.2–0.5. We
note here that the shock ages inferred from ionization
timescales (net) indicate a range of shock ages (time since
the passage of shock) of t=(1.8+0.3
−0.3–10
+3
−3)f
1/2D
1/2
8.4 kyr.
These values (Table 4) are consistent with the remnant’s
age, noting that f can have different values across the
remnant. For approximately similar values of f for the
four SNR regions shown in Table 4, the lower shock age
for the more interior regions supports a reverse-shock
origin since the reverse shock develops later in the SNR
evolutionary stage.
Assuming Sedov dynamics, the explosion
energy of the remnant can be estimated as
E0=(1/2.02)R
5
smnn0t
−2
SNR=0.6
+0.1
−0.2×10
51 f−1/2D
5/2
8.4
ergs, where mn=1.4mp is the mean mass of the nu-
clei. We note here that the explosion energy will be
an underestimate and the remnant’s age will be an
overestimate if full electron-ion equilibration in the
shock has not yet been achieved in G292.2–0.5, since
the electron temperature (and hence, Vs) is a lower
limit to the shock temperature. We note however that
a V NPSHOCK model11 fit to the X-ray data yielded
equal electron and ion temperatures. The total X-ray
luminosity of the four SNR extracted regions is LX
(0.5–10 keV)=4piD28.4funabs=1.7×10
35 D28.4 ergs s
−1.
This should be considered as a lower limit to the SNR
X-ray emission (see Section 4.5).
In summary, the SNR age is estimated to be between
4.2 D8.4 kyr (free expansion phase, assuming an expan-
sion velocity of 5000 km s−1) and 7.1 D8.4 kyr (Sedov
phase), a factor of a few higher than the pulsar’s age
upper limit. Discrepancies between between pulsar and
SNR ages have been observed in other SNRs (see e.g.
Arzoumanian et al. 2011). The pulsar’s age, τ , is highly
dependent on its initial spin period (P0) and braking
index (n), and can be expressed as follows: τ= P
(n−1)P˙
[1-
(
P0
P
)(n−1)
]; where P is the current spin period. The
pulsar’s characteristic age is τc=
P
2P˙
, which corresponds
to n=3 and P0<<P . As mentioned earlier, the brak-
ing index for PSR J1119−6129 has been measured to be
n=2.684±0.002 using more than 12 yr of timing data
(Weltevrede et al. 2011), implying an age of 1.9 kyr un-
der the assumption of P0<<P (=408 ms). In Figure 5,
we plot the pulsar’s true age as a function of the (un-
known) initial period, P0 for various values of n (1.5,
2.0, 2.7, 3.0, 3.5, and 4.0). Corresponding upper limits
on the pulsar’s true age are: 6.6, 3.3, 1.9 (current upper
limit), 1.6 (characteristic age), 1.3 and 1.1 kyr, respec-
tively. Therefore to reconcile the pulsar’s age with the
SNR’s age estimate, the braking index has to be < 2.0 for
most of the pulsar’s lifetime and must have increased to
∼2.7 only recently; as well its initial spin period should
be much smaller than its current period (P0<<P ). We
note here that the recent radio timing analysis of the
pulsar has shown some unusual Rotating Radio Tran-
sient (RRAT)-like behaviour (Weltevrede et al. 2011).
Such erratic RRAT-like events and the unusual timing
characteristics observed for PSR J1119−6127 may also
11 The VNPSHOCK model in XSPEC is a plane-parallel shock
plasma model with separate ion and electron temperatures.
partially account for the uncertainties in the pulsar’s age
measurement.
5.3. Association with a molecular cloud?
As discussed earlier under Section 3, the eastern and
western sides of SNR G292.2–0.5 appear different in mor-
phology. It has been suggested that asymmetry and dif-
ferences within an SNR can be observed if the ISM is not
isotropic (Cox et al. 1999) or if the SNR is interacting
with a molecular cloud (Chevalier 1999). P01 had al-
ready suggested the presence of a dark cloud DC 292.3–
0.4, catalogued by Hartley et al. (1986) from a visual
inspection of the ESO/SERC Southern J Survey plates,
towards the eastern side of the SNR with a diameter
of ∼16′ and an estimated contribution to NH of ∼(6–
7)×1021 cm−2. This is further supported by our imag-
ing analysis (Figure 1), which shows a lack of soft X-ray
emission from the eastern side of the SNR, suggesting
the presence of additional absorbing material or a cloud
absorbing the soft X-rays in that region. Furthermore,
our spatially resolved spectroscopic study clearly indi-
cates a higher column density in the eastern side (see Ta-
ble 3), with NH=1.8
+0.2
−0.4×10
22 cm−2 for SNR–East ver-
sus 1.0+0.1
−0.6×10
22 cm−2 for SNR–West. We estimate that
this absorbing material should be contributing an NH of
∼8×1021 cm−2, the difference in NH between SNR–East
and SNR–West, which is consistent with that inferred for
the dark cloud (P01).
We further investigate the above scenario by inspect-
ing the region surrounding SNR G292.2–0.5. Figure 6
(a) shows the optical intensity image obtained from ESO
Digitized Sky Survey (DSS12) and smoothed using a
Gaussian of σ=5′′. Overlaid on the image (green cir-
cle) is the catalogued dark cloud DC 292.3–0.4 (Harley
et al. 1986)13, centered at αJ2000=11
h20m25s.0 and
δJ2000=−61
◦22′00′′ and with a radius of 8′. The cata-
logued size clearly exceeds the extent of the cloud seen in
the DSS image (see also Figure 6 (b)). In the same image,
we also identify another dark region (shown by a green el-
lipse towards the centre of the image) centered at approx-
imately αJ2000=11
h19m19s.1 and δJ2000=−61
◦31′03′′.0
with a size of ≈6′.5×2′.2, and which appears to over-
lap with SNR–East and most of PSR–East (regions 1
and 2, respectively, shown as white ellipses). The small
purple cross in Figure 6 (a) marks the position of PSR
J1119-6127. In Figure 6 (b), we overlay, in red, the corre-
sponding dark cloud contours from the DSS image on the
XMM-Newton MOS (black contours) and Chandra (blue
contours) X-ray images. We speculate that the dark el-
liptical region in the south-eastern field of G292.2−0.5
likely represents another uncatalogued dark cloud; alter-
natively it could be a previously unidentified substruc-
ture of DC 292.3–0.4 since the cloud size reported by
Hartley et al. (1986) does not accurately reflect the shape
of the cloud seen in the DSS image. This is corrobo-
rated by the detection of two CO features with line of
velocities of −12.6 km s−1 and −1.6 km s−1 towards the
centre of DC 292.3–0.4 (Otrupcek et al. 2000). While
its not clear whether both features are associated with
12 http://archive.eso.org/dss/dss
13 No further information (e.g. on the morphology) besides the
location and approximate extent was given on this cloud.
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Figure 5. The true age of PSR J1119−6127 as a function of its initial spin period, for different values of the braking index (n): top to
bottom curves correspond to n=1.5, 2.0, 2.7 (dotted line, recently measured braking index), 3.0, 3.5 and 4.0. Corresponding upper limits
on the pulsar age are: 6.6, 3.3, 1.9, 1.6, 1.3 and 1.1 kyr, respectively. The current pulsar’s period is 408 ms. See Section 5.2 for details.
Table 4
Derived X-ray parameters of SNR G292.2–0.5
Parameters SNR–East PSR–East PSR–West SNR–West
Emission measure, EM (1056 fD−2
8.4 cm
−3) 2.7+1.0
−0.6 2.4
+0.3
−0.4 3.5
+0.4
−0.3 6.7
+1.5
−1.7
Electron density, ne (10−1 f−1/2D
−1/2
8.4 cm
−3) 0.6+0.2
−0.1 0.7±0.1 1.0±0.1 1.1
+0.2
−0.3
Ambient density, n0 (10−2 f−1/2D
−1/2
8.4 cm
−3) 1.0+0.4
−0.2 1.0±0.2 2.0±0.2 2.0
+0.4
−0.6
Shock age, t (f1/2D
1/2
8.4 kyr) 5.6
+2.4
−1.4 3.4
+1.6
−1.2 1.8
+0.3
−0.3 10±3
the same cloud to the north-east (catalogued by Hartley
et al. 1986), it is possible that one of them could be
associated with the cloud we have identified coinciding
with the south-eastern side of the remnant. To the best
of our knowledge, there is no CO observation targeted
to study this dark cloud. As well, we are not aware of
any recent CO study of the environment of G292.2−0.5.
Nevertheless, the presence of these dark clouds towards
the eastern part of the remnant and the detected CO
features support the presence of additional foreground
absorbing material that would explain the lack of soft
X-ray emission from that region. Furthermore, the dark
cloud largely obscuring PSR–East (Figure 6) could fur-
ther explain the lack of bright emission from PSR–East
in comparison with the emission from PSR–West (Fig-
ure 2).
Next, we discuss the observed morphology and the non-
thermal emission from the eastern side of the remnant in
the light of a possible interaction with a nearby cloud.
The presence of an adjacent cloud can affect the evolution
and appearance of a SNR as suggested e.g. by Wardle
& Yusef-Zadeh (2002). The expanding SNR is slowed at
the location of the cloud, causing it to appear distorted.
The reflected shock from the cloud moves into the inte-
rior of the remnant and interacts with the SNR-driven
shock waves. This results in heating the cloud material
and filling the interior of the SNR with gas, which can
substantially modify the X-ray emission and lead to a
composite-type morphology (Rho & Petre 1999). The
hot thermal X-ray emission detected from the SNR inte-
rior supports this scenario. Such an interaction however
is expected to lead to OH maser emission (Wardle &
Yusef-Zadeh 2002), but to the best of our knowledge no
maser emission has been detected from G292.2–0.5.
Furthermore, acceleration of particles to very high en-
ergies at the shock-cloud interface can cause synchrotron
radiation observed at X-ray wavelengths, as e.g. in
the case of SNR RCW 86 (Borkowski et al. 2001b).
The spectrum of SNR–East is indeed best fitted by a
thermal+non-thermal model; the non-thermal compo-
nent could then be interpreted as arising from the in-
teraction of the SN shock wave with a nearby molecular
cloud. Morphologically, this is supported by the corre-
spondence between the hard X-ray emission from SNR-
East and the radio shell (see Figure 1). We note however
that the XMM-Newton and Chandra observations do not
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fully cover the radio shell. As well, the non-thermal X-
ray flux is only ∼10% of the thermal flux, and no TeV
emission has been detected from that region (Djannati
et al. 2009, see next section) as observed in other inter-
acting SNRs. Furthermore, the hard power-law photon
index (Γ=1.2+0.5
−0.1) inferred for SNR–East is unusually
hard and puzzling. More sensitive X-ray observations
with coverage of the radio shell, as well as CO observa-
tions towards the eastern side of the remnant, are needed
to confirm or rule out any interaction with a molecular
cloud.
5.4. Origin of non-thermal X-ray emission
As pointed out above and summarized in Table 3,
our study confirms the GSH05 result for the presence
of hard non-thermal X-ray emission from the SNR. The
additional Chandra and XMM-Newton observations al-
lowed us to fit for two-component models (thermal+non-
thermal), resolve the non-thermal emission, and better
constrain the spectral properties of both components.
While the emission from the SNR is mostly domi-
nated by thermal emission best described by a non-
equilibrium ionization model with kT≥1 keV and an ion-
ization timescale of ∼1010 cm−3 s, the emission from
most regions (except for SNR–West) required an addi-
tional non-thermal component described by a power law
model with a hard photon index, Γ∼1–2. The total
non-thermal X-ray luminosity in the studied regions is
6.1×1033 D28.4 ergs s
−1, which is ∼4% of the total SNR
emission. In the previous section, we discussed the origin
of the non-thermal emission from SNR–East as possibly
due to the interaction between the SNR and a cloud in
the east (see Figure 6).
As to the PSR–West and PSR–East regions14, the non-
thermal emission can be attributed to two scenarios: (1)
the leakage of high-energy particles from the pulsar or
its PWN into the SNR, and/or (2) particles accelerated
at the supernova shock leading to a synchrotron com-
ponent in the high-energy end of the X-ray spectrum, as
observed in a growing number of non-thermal SNR shells
such as G347.3–0.5 (Slane et al. 1999). Both scenarios
were discussed in GSH05. Here, we further explore these
scenarios in the light of the new data.
In the first scenario, the non-thermal emission is at-
tributed to relativistic particles originating from the PSR
or its associated PWN. We favor this scenario due to:
a) the location of the selected regions with respect to
the pulsar and its associated PWN well inside the SNR
shell, and 2) the resemblance between their photon in-
dices. PSR J1119−6127 has a photon index of Γ=1.9+1.1
−0.9
(using a power-law + blackbody model fit) and its associ-
ated compact PWN has a Γ=1.1+0.9
−0.7 (Safi-Harb & Kumar
2008). An elongated jet-like feature south of the pulsar
was also characterized by a similarly hard power-law in-
dex (Γ∼1.4). These values are consistent with the pho-
ton index obtained for PSR–East (Γ=0.9+0.6
−0.2) and PSR–
West (Γ=1.5+0.5
−0.2), suggesting a similar particle popu-
lation. The non-thermal X-ray luminosity from PSR–
East and PSR–West amounts to ∼3.3×1033D28.4 ergs s
−1,
14 For PSR–East, the additional PL model was not statistically
needed but resulted in a more reasonable temperature for the ther-
mal component (see Section 4.4).
which represents only ∼0.1% of the pulsar’s spin-down
energy, E˙.
For the second scenario, the thermal X-ray emission
from PSR–East and PSR–West hints at enhanced metal
abundances, suggesting the presence of ejecta heated by
the reverse shock. For the non-thermal component, the
photon index, Γ∼0.7–2.0 (Table 3), is however harder
than that seen in all non-thermal SNRs (where Γ∼2–3).
As well, the acceleration to high energies in the non-
thermal SNR shells is believed to take place at the for-
ward, not the reverse, shock. This, together with the
presence of non-thermal emission in the SNR interior,
argue against shock acceleration at the supernova shock
wave as an origin. Whether acceleration at the reverse
shock can explain at least part of the X-ray emission
remains an open question to be explored with further
observations and modeling.
In summary, we favour the model for non-thermal
emission arising, at least partly, from relativistic particles
injected by the pulsar or its PWN. This is further cor-
roborated by the detection of TeV emission offset from
the pulsar with H.E.S.S. (Djannati et al. 2009), with
its peak located between PSR–West and SNR–West as
shown by the purple cross in Figure 6 (b). Although
the origin of TeV emission is not yet clearly identified,
Djannati et al. (2009) suggest that the emission could
be attributed to an offset PWN, where the nebula has
been displaced after being crushed by an asymmetric re-
verse shock caused by the presence of the dark cloud in
the north-east. An origin for the gamma-ray emission in
cosmic ray acceleration at a supernova shock requires a
higher ambient density (∼1 cm−3, Djannati et al. 2009)
which is ruled out by our spectral study. We can not
however rule out a higher density medium in the regions
that we could not study either due to lack of coverage by
the X-ray instruments or due to low-count spectra, espe-
cially in the south-west where the TeV emission peaks.
The faint and hot gas seen however from the southern
region (covered only by XMM-Newton, see section 4.5)
suggests expansion in a more tenuous medium.
5.5. Progenitor mass of SNR G292.2–0.5
One of the primary objectives of this paper is to esti-
mate the progenitor mass of SNR G292.2–0.5. This goal
is motivated by studying the connection between high-
magnetic field pulsars and magnetars through studying
their environments/associated SNRs. In the following,
we discuss the implication on the progenitor mass for
SNR G292.2−0.5 from our X-ray spectroscopy, and dis-
cuss previously suggested models for the progenitor mass
of this SNR and other highly magnetized neutron stars.
X-ray spectroscopy has proven to be a powerful tool
to infer the mass of progenitor stars for young SNRs
dominated by shock-heated ejecta. By comparing the
abundances of heavy elements inferred from fitting X-ray
spectra to the nucleosynthesis yields inferred from core-
collapse models such as those of Woosley & Weaver 1995
(hereafter WW95) and Thielemann et al. 1996 (here-
after TNH96), the mass of the progenitor star can be
determined. WW95 provides nucleosynthesis yields for
core-collapse supernovae of varying masses ranging from
13–40M⊙ whereas TNH96 provides the yields specifically
for the 13, 15, 20 and 25M⊙ progenitor stars. However,
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Figure 6. (a) Top: DSS intensity image of the environment containing SNR G292.2–0.5 (with the pulsar position marked by the purple
cross) smoothed using a Gaussian of σ=5′′. DC 292.3–0.4 is shown by the green circle; another dark region appearing to coincide with
SNR–East (Region 1) & PSR–East (Region 2) is shown by the green ellipse. (b) Bottom: Contours showing the dark DSS clouds (in red)
overlaid on the XMM-Newton (in black) and the Chandra (in blue) X-ray images. The position of the TeV emission detected with H.E.S.S.
and having a centroid between PSR–West and SNR–West (Djannati et al. 2009) is also shown by the purple cross.
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the yields obtained from these two models for a partic-
ular progenitor star differ due to the different assump-
tions used in the processes such as convection, explosion
energy and mechanism, mass-loss, and initial metallic-
ity (Hoffman et al. 1999). The TNH96 models pro-
duce more Ne and Mg, and less Fe in the more mas-
sive (≥20–25 M⊙) stars than the WW95 models, while
they agree fairly well with each other for the lower mass
stars (≤20M⊙). Also, WW95 specify models A, B, and
C for stars of progenitor masses ≥30M⊙. The differ-
ence between these models is that the final kinetic ener-
gies at infinity (KE∞) of the ejecta for models B and C
are enhanced by a factor of ∼1.5 and ∼2, respectively,
with respect to model A (KE∞∼1.2×10
51 ergs). Keep-
ing in mind the above differences, the inference on the
progenitor masses may likely be different depending on
the models used. In our studies, we focus on the WW95
nucleosynthesis models which provide a wider range of
progenitor masses and finer mass steps.
The nucleosynthesis models mentioned above show
that the mass or relative abundance ratio [X/Si]/[X/Si]⊙
of ejected mass of any element X with respect to Silicon
(Si) varies significantly as a function of the progenitor
mass. Under the assumption of the detection of ejecta
in G292.2–0.5 (see Section 5.1 and Table 3), we subse-
quently estimate the abundance ratios for the reverse-
shocked regions. In Figure 7, we plot the average values
of these ratios and their root mean square (RMS) scat-
ter (shown in red). Also, over-plotted are the predicted
WW95 relative abundances (estimated from the derived
production factors after radioactive decay) for different
progenitors of masses 15, 18, 20, 25, 30, and 35 M⊙.
We find that the average abundance ratios fit the ex-
pectation of a 30M⊙ progenitor star within error. We
also compare our values with the TNH96 nucleosynthe-
sis model yields for 13, 15, 20 and 25M⊙ progenitors and
find that our best-fit values are consistent with the 25
solar-mass model.
We conclude that both the WW95 and TNH96 mod-
els predict a high-mass (∼25–30M⊙) progenitor star for
SNR G292.2-0.5 and that our best fit abundance values
rule out lower mass progenitors. We caution the reader
however that this conclusion is based on three data points
and on the fact that the abundances are only slightly en-
hanced. More sensitive observations are needed to con-
firm the presence of ejecta and better constrain the metal
abundances, including O and Fe which are important di-
agnostics for the progenitor mass estimate, but were at
the limit of our detection.
Chevalier (2005) suggests that PSR J1119–6127/SNR
G292.2–0.5 may belong to either the SN IIP or Ib/c cat-
egories. Theoretical models suggest that SNe IIP come
from stars of mass ∼10–25M⊙ (Heger et al. 2003) with
relatively low-mass rates and are expected to explode as
red supergiants (RSGs) with most of their H envelope
present, giving rise to the extended plateau emission.
During the supernova explosion resulting in a SN IIP,
the massive H envelope is able to decelerate the core ma-
terial and the reverse shock wave carries H back toward
the center. Also, due to their low mass loss, the RSG
winds extend only to a small distance of ≤1 pc from
the progenitor and is surrounded by a low-density wind
bubble created during the main-sequence phase (Cheva-
lier 2005). On the other hand, SNe Ib/c result from
Wolf-Rayet (W-R) stars of mass ≥30–35M⊙ (Heger et
al. 2003), formed after a RSG phase or a brief lumi-
nous blue variable phase during which they have shed
most of their outer H envelopes. W-R stars are charac-
terized by high mass-loss rates (M˙∼10−5M⊙ yr
−1) and
high-velocity stellar winds (vw∼1000 km s
−1). The fast
moving W-R winds can sweep up the circumstellar and
slow-velocity wind materials, clearing out a low-density
wind bubble around the star which can extend to >10 pc
over a duration of 2×105 yr (Chevalier 2005). The in-
ferred low ambient density (Table 4), low SNR X-ray
luminosity, and the high progenitor mass inferred above
from our X-ray spectroscopic study, all point to a W-R
progenitor star, thus ruling out the SN IIP progenitor.
We now briefly discuss the progenitor mass studies
done on magnetars and other high-magnetic field pul-
sars. It had been previously suggested by a few authors
that magnetars descend from massive progenitors. For
example, the progenitor masses of the soft gamma re-
peaters (SGRs) 1806–20 and CXOU J164710.2-455216
associated with the clusters Cl 1806–20 and Westerlund
1 (Wd 1) were determined as 48+20
−8 M⊙ and 40±5M⊙,
respectively (Figer et al. 2005; Bibby et al. 2008; Muno
et al. 2006). The progenitor mass of the anomalous X-
ray pulsar (AXP) 1E 1048.1–5937 was estimated as 30–
40M⊙ from the study of the expanding HI shell around
it, which was interpreted as a stellar wind bubble blown
by the progenitor (Gaensler et al. 2005). However, a
recent study by Davis et al. (2009) suggests a lower pro-
genitor mass of 17±2M⊙ for the magnetar SGR 1900+14
inferred from the infrared studies of its association with
stellar clusters, challenging the massive progenitor pre-
dictions. A recent study of the SNR Kes 73 associated
with the AXP 1E 1841–045 using Chandra and XMM-
Newton also suggests a progenitor mass ∼25–30M⊙ (Ku-
mar et al. 2010). Out of the seven high-magnetic field
pulsars discovered so far, only two of them (PSRs J1119–
6127 and J1846–0258) are so far associated with SNRs.
PSR J1846–0258 associated with the SNR Kes 75 re-
cently displayed a magnetar-like behaviour (Gavriil et
al. 2008; Kumar & Safi-Harb 2008). The Chandra and
Spitzer study of SNR Kes 75 implied, like for J1119–
6127, a W-R progenitor star for the remnant (Morton et
al. 2007; Su et al. 2009).
In summary, while most current studies seem to be
pointing to highly magnetized neutron stars having mas-
sive progenitors (≥25M⊙), further studies in X-rays and
other wavelengths are needed to address this interesting
question.
6. CONCLUSIONS
We have presented the first detailed imaging and spa-
tially resolved X-ray spectroscopic study of the Galac-
tic SNR G292.2–0.5, associated with the high-magnetic
field pulsar, PSR J1119−6127, combining all the avail-
able Chandra and XMM-Newton observations. The re-
gions selected for spectroscopy are shown in Figure 2.
We summarize here our findings:
• The high-resolution images show diffuse emission
across the SNR, with brighter and softer emission
in the west. While the SNR has been classified as
a shell-type remnant in the radio, the X-ray mor-
phology suggests a composite-type SNR, with both
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Figure 7. Best-fit abundances of Ne, Mg and Fe, relative to Si relative to solar (plotted in red). Also, over plotted are the predicted
relative abundances [X/Si]/[X/Si]⊙ from the core-collapse nucleosynthesis models of WW95. We combine the nucleosynthesis yields of
progenitors of masses 30B and 35C as their elemental abundance ratios with respect to Si differ very slightly. See text for details.
thermal and non-thermal X-ray emission from the
interior regions. An elongated and bright limb is
particularly visible in the west in both the Chan-
dra and XMM-Newton images, which partially co-
incides with the SNR shell seen in the radio (see
Figure 1).
• The diffuse X-ray emission from the SNR is dom-
inated by thermal emission from hot plasma, best
described by an absorbed plane-parallel shock,
non-equilibrium ionization model (VPSHOCK in
XSPEC) with a temperature kT≥1 keV (ranging
from ∼1.3 keV in SNR–West to ∼2.3 keV in SNR–
East) and with an ionization timescale of ∼1010
cm−3 s (ranging from ∼6×109 cm−3 s in the inte-
rior to ∼3×1010 cm−3 s in SNR–West) indicating
that the plasma has not yet reached ionization equi-
librium – a result that is consistent with a young
SNR expanding in a very low-density medium. The
thermal fits indicate the presence of slightly en-
hanced abundances from Ne, Mg, Si, hinting for
the first time at the presence of ejecta heated by
the reverse shock. The metal abundances inferred
for SNR–West are consistent with solar or sub-solar
values. This, together with the higher ionization
timescale and the morphology of this region, sug-
gest that its emission arises from the supernova
blast wave or shocked circumstellar matter.
• The eastern side of the remnant is fainter than the
western side and is characterized by harder X-ray
emission (kT=2.3+2.9
−0.5 keV) and a higher column
density (NH=1.8
+0.2
−0.4×10
22 cm−2, ∼8×1021 higher
than in SNR–West). An investigation of the east-
ern field with optical DSS data suggests the pres-
ence of two dark clouds: one to the north-east coin-
ciding with DC 292.3−0.4, a dark cloud catalogued
by Hartley et al. (1986) and discussed by P01, and
another, previously uncatalogued, dark cloud to
the south-east overlapping the emission from SNR-
East and PSR-East. These spectral and imaging
properties are consistent with the presence of an
intervening cloud to the east that would explain
the lack of soft X-ray emission from the eastern
side of the remnant.
• An additional non-thermal component, described
by a power-law model with a hard photon index
(Γ∼0.7–2.0) and representing∼4% of the total flux,
is needed for the regions in the east (SNR–East
and PSR–East) and in the western region close to
the pulsar (PSR–West). The emission from SNR–
East could be attributed to the interaction with the
nearby cloud, although the photon index appears
unusually hard and so far there is no evidence of
TeV or OH maser emission from this region. The
emission from PSR–East and PSR–West can be at-
tributed to leakage of relativistic particles from the
pulsar or its associated PWN. The detection of TeV
emission with H.E.S.S. from the south-western re-
gion (between PSR-West and SNR-West) supports
this conclusion, although a further investigation of
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this region is needed.
• Using an SNR diameter of ∼17′.5 and a distance
of 8.4 kpc, we derive an SNR age ranging between
4.2D8.4 kyr (free expansion phase, assuming an ex-
pansion velocity of 5000 km s−1) and 7.1 D8.4 kyr
(Sedov phase). For the Sedov phase estimate, we
assume that the SNR-West region represents emis-
sion from the blast wave shocking the interstellar
or circumstellar medium. This SNR age range is a
factor of a few higher than the pulsar’s estimated
age upper limit of 1.9 kyr. We discuss the discrep-
ancy between the SNR and pulsar age estimates
and conclude that this may be attributed to a vari-
able braking index for the pulsar, which has also
shown recently some unusual timing characteris-
tics at radio wavelengths. Requiring the SNR’s
age to be ≤1.9 kyr implies an unusually high ex-
pansion velocity &11200 D8.4 km s
−1 throughout
its life, which is at odds with the observations (es-
pecially given the asymmetry of the remnant and
since the SNR appears to be transitioning from the
ejecta-dominated, free expansion phase, to the Se-
dov phase). The Sedov phase gives a lower limit
on the shock velocity of ∼1.1×103 km s−1 and an
explosion energy of ≥6×1050 f−1/2D
5/2
8.4 ergs, un-
der the assumption of an explosion in a uniform
ISM. The total X-ray luminosity from the stud-
ied SNR regions is LX (0.5–10 keV) ≥1.7×10
35
D28.4 ergs s
−1.
• Using the enhanced metal abundances inferred
from our fits and comparing to core-collapse nu-
cleosynthesis model yields, we infer a progenitor
mass of ∼30M⊙, a result that supports a SN type
Ib/c origin and other studies suggesting very mas-
sive progenitors for the highly magnetized neutron
stars.
• We have studied other (fainter) regions in the SNR
in the north and south covered only by the XMM-
Newton observation. Our fits indicate also the
presence of hot plasma that has not reached ion-
ization equilibrium, possibly combined with non-
thermal emission, however the statistics did not al-
low us to constrain the models. Deeper and more
sensitive observations that cover the entire SNR
and the radio shell are needed to better constrain
the X-ray emission throughout the remnant and
confirm the metal abundances in the SNR.
• Targeted CO, and other wavelength, studies of the
environment of G292.2−0.5 are needed to confirm
or rule out any interaction with a nearby molecular
cloud, and to explain the TeV emission detected
with H.E.S.S. in the south-west.
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